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FOREST HEALTH IMPACTS OF BARK BEETLES, DWARF MISTLETOE, AND
BLISTER RUST IN A LAKE TAHOE BASIN MIXED CONIFER STAND
R.F. Walker1,2, R.M. Fecko1, W.B. Frederick1, D.W. Johnson1, and W.W. Miller1
ABSTRACT.—Interactions between forest health variables and mensurational characteristics in an uneven-aged eastern
Sierra Nevada mixed conifer stand were examined. The stand was located in the Lake Tahoe Basin on a site featuring a
coarsely textured granitic soil and numerous rock outcrops. Its composition was dominated by California white fir (Abies
concolor var. lowiana [Gord.] Lemm.), with Jeffrey pine (Pinus jeffreyi Grev. & Balf.) and sugar pine (Pinus lambertiana
Dougl.) less prominent and incense-cedar (Libocedrus decurrens Torr.) and mountain alder (Alnus tenuifolia Nutt.) the
most minor constituents. The majority of saplings and seedlings were white fir. The stand exhibited no evidence that its
development had been influenced by fire and, overall, it consisted of numerous small trees accruing little radial growth.
Nearly one-quarter of all standing stems pole size or larger were dead, with mortality concentrated in white fir. Forestfloor fuel accumulations were excessive, and coarse debris was especially prominent. A fir engraver beetle (Scolytus ventralis
LeConte) epidemic in white fir contrasted against apparent endemic population levels of the Jeffrey pine (Dendroctonus
jeffreyi Hopkins) and red turpentine (Dendroctonus valens LeConte) beetles in Jeffrey pine and of the mountain pine
beetle (Dendroctonus ponderosae Hopkins) in sugar pine. The severity of fir engraver attack on white fir was weakly
related to overall tree size and to the proportion of composition consisting of this host species, while in Jeffrey pine and
sugar pine, bark beetle attacks were strongly correlated with the individual proportions of these 2 hosts. Across all
species, basal area explained a substantial proportion of the variation in overall attack severity. We found light infestations of true fir dwarf mistletoe (Arceuthobium abietinum Engelm. ex Munz f. sp. concoloris) in white fir and western
dwarf mistletoe (Arceuthobium campylopodum Engelm.) in Jeffrey pine, plus an early stage of infection by the white
pine blister rust (Cronartium ribicola J.C. Fischer) in sugar pine. Collectively, this case study characterized and quantified many of the conditions, symptoms, and causative agents inherent in a decadent mixed conifer stand in the eastern
Sierra Nevada.
Key words: forest health, bark beetle, fir engraver beetle, Jeffrey pine beetle, red turpentine beetle, mountain pine beetle,
dwarf mistletoe, white pine blister rust, wildfire fuel, white fir, Jeffrey pine, sugar pine.

As is true for much of the western United
States, forest health issues are paramount
among the management concerns in Sierra
Nevada forests (Covington et al. 1994, O’Laughlin and Cook 2003). Sierra Nevada mixed conifer (Tappeiner 1980), a common cover type at
the mid-elevations of this mountain range,
includes a variant on eastern slopes that features white fir, Jeffrey pine, and sugar pine.
Currently, the most prevalent species in many
of these stands is white fir, which is likely a
substantial divergence from the historical
norm (Helms 1995). Because of the ability of
this species to persist in the shade of an overstory canopy (Laacke 1990), combined with
selective harvesting of yellow and white pines
during the Comstock mining era (Beesley
1996) and fire exclusion during the 20th century (Arno 2000, Taylor 2004), white fir now
dominates many eastern Sierra Nevada forests.
Furthermore, and in part due to the exces-

sively high proportions of this species, these
stands often feature large numbers of small
stems, smaller tree spacings, relatively high
canopy closure, and maladies that often accompany high densities, such as increased insect
attack, tree mortality, and fuel loading (Helms
and Tappeiner 1996), all of which are interrelated. In particular, the fir engraver beetle
persists as a severe damaging agent in white
fir (Laacke 1990, USDA Forest Service 2005),
with the resulting mortality and fuel buildup
predisposing many stands to catastrophic
wildfire. Other concerns include the Jeffrey
pine beetle as well as parasitic dwarf mistletoes in both white fir and Jeffrey pine
(USDA Forest Service 2005), all having long
been recognized as severely debilitating (Furniss and Carolin 1977, Jenkinson 1990, Laacke
1990, Scharpf and Hawksworth 1993). The exotic fungal disease white pine blister rust is the
primary threat to sugar pine in the Sierra
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Nevada (Kinloch and Scheuner 1990, Bega and
Scharpf 1993, Kinloch 2003). Although not currently as prevalent on the eastern slopes as on
western slopes, its recent spread to east side
stands (USDA Forest Service 2003) is particularly alarming in light of its lethality and the
current scarcity of sugar pine on eastern slopes.
We examined forest health variables in a
mixed conifer stand located in the Lake Tahoe
Basin in order to identify possible links between mensurational characteristics and stand
maladies. In addition to collecting routine
mensurational measurements, we inventoried
bark beetle activity and associated mortality,
dwarf mistletoe infestation, white pine blister
rust infection, stand regeneration, and downed
and dead fuels. Regression analysis was used
to identify tree and stand attributes that correlated with varying severity of bark beetle
attack.
METHODS
Site Description
An uneven-aged mixed conifer stand on
the Nevada side of the Lake Tahoe Basin
(38°579N, 119°5544W) was selected for the
study. The stand was 6.5 ha in size and located
at 2085 m on a western aspect with slopes of
10%–40%. Average annual precipitation is 87
cm, primarily snowfall (USDA Natural Resource Conservation Service 2006). The soil
is of the Cagwin series (USDA Soil Conservation Service 1974), granitic in origin, coarse
textured, and well drained. It features abundant
rock outcrops that occupy approximately onequarter of the total land area.
Vegetation Measurements
The study was conducted at the end of the
2001 growing season. Sixteen permanent 0.04ha circular plots were established in a square
pattern on the site for mensurational measurements of trees that were pole size and larger
(i.e., ≥10.2 cm dbh; dbh of the bole was measured at 1.37 m above ground). These measurements consisted of total height, dbh, and
live-crown length tallied by species, and this
inventory included standing dead trees, which
were identified as those lacking any live crown.
Designation and coring (4.3-mm cores extracted
1.37 m above ground) of 1 site tree per plot
that was randomly selected from among live
trees of the dominant and codominant crown
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classes with good form permitted the determination of age, radial growth rate, and site quality, and also provided an indication of past
wildfire incidence. We determined total age by
counting late wood rings from pith to phloem
and adding 10. Ten is an approximation of the
years required for eastern Sierra Nevada conifers to reach a sufficient size to produce their
1st countable ring at breast height (Dunning
1942). Growth rate was determined by counting the rings in the outermost 2.54 cm of each
core. Site quality was assessed using the site
index (SI) curves of Schumacher (1926) for
white fir, which utilize dominant crown-class
trees only and a 50-year base age; the curves
of Meyer (1938) for Jeffrey pine, which incorporate both dominant and codominant crown
classes and a 100-year base age; and the curves
of Dunning (1942) for Sierra Nevada mixed
conifer, which also rely only on the dominant
crown class but use a 300-year base age and
assign a site class of A (highest overall) and
then I through V (next highest to lowest) for a
mixture of appropriate species, rather than
assigning SI values for each species. For individual white fir and Jeffrey pine SIs, reference
values were converted to metric units to
achieve consistency with all other values
reported here. Examination of each core for
evidence of fire scars permitted the development of a wildfire history for the stand currently occupying the site.
Established with the same centers as those
for the 0.04-ha plots, circular plots were also
used to obtain counts of saplings (>1.37 m tall
to ≤10.1 cm dbh) and seedlings (≤1.37 m tall)
by species. For this purpose, however, the plots
for sapling counts were 54 m2, while the plots
for the seedling counts were 40 m2.
Forest Health Assessment
To determine the severity of bark beetle
attack, we used pitch-tube counts, which we
recorded for all trees ≥10.2 cm dbh in the
0.04-ha plots. This was accomplished by visually dividing the bole surface into vertically
oriented quadrants, counting the pitch tubes in
each quadrant, and totaling the counts for the
4 quadrants of each tree. The entire bole length
was included in these counts, with ocular aids
used as needed. Identification of principal bark
beetle species was accomplished by observation
of adult and larval forms as well as pitch-tube
and gallery characteristics as described by
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Furniss and Carolin (1977). Also, we assessed
dwarf mistletoe infestation using the Hawksworth (1977) rating system with identification
of specific parasite species following the
descriptions of Scharpf and Hawksworth (1993).
On sugar pine only, we tallied trees as having
white pine blister rust infection if characteristic branch flagging or canker formation was
present (Samman and Kitzmiller 1994).
Fuels Inventory
A downed- and dead-fuel inventory by timelag category (Pyne et al. 1996) was implemented
using circular plots of 54 m2 for 1000-hour fuels,
4 m2 for 100-hour fuels, and 0.093 m2 for 1+10hour (combined) fuels, all centered in the 0.04ha plots. For 1000-hour fuels, log length and
diameter at the midpoint were recorded by
species as determined through bark characteristics (Little 1996) and were used to calculate
volume according to the Huber formula (Avery
and Burkhart 2002). To convert the volume in
each plot to dry weight, 10 log sections of a
mixture of species were collected and their dimensions were measured. These sections were
then dried to a constant weight, and their
weights were recorded. For the 100-hour and
1+10-hour fuels, all materials of appropriate
size in their respective plots were dried to a
constant weight, and the total weights for each
plot were recorded.
Statistical Analysis
Prior to analysis, average dbh values by plot
of trees ≥10.2 cm dbh were calculated using
the quadratic mean formula (Curtis and Marshall 2000), and the basal area by plot was
derived from these quadratic mean diameters
(Davis et al. 2001). Tree heights and live-crown
lengths were used to calculate live-crown proportions and percentages. Stem counts of trees
≥10.2 cm dbh, basal area, sapling and seedling counts, and dry weights of downed and
dead fuels by plot were expanded to reflect
equivalent 1.0-ha values. Subsequently, the
standard error (sx–) and 95% confidence limits
(CL) were calculated for all variables for the
purpose of estimating how closely sample
means reflected stand attributes.
Using dbh and height as approximations of
base diameter and lateral length, we calculated
the geometric formula for the lateral surface
area of a right cone to provide an estimate of
the bole surface area of trees ≥10.2 cm dbh,
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thus enabling us to express pitch tube counts by
plot per unit bole surface area, in addition to
total counts and counts per tree. We used a
multiple regression analysis to examine relationships between the severity of bark beetle
attack, as indicated by pitch tube counts per
tree, the dependent variable, and several independent variables representing individual tree
characteristics (i.e., species, height, dbh, and
live-crown proportion). All species bearing
pitch tubes were included. Quadratic terms for
height, dbh, and live-crown proportion were
also incorporated into the model, and only data
for live trees ≥10.2 cm dbh were used for this
analysis. As a component of the analysis, significant variables were retained and nonsignificant variables were removed using the R2
selection method, ultimately resulting in a bestfit model. The overall model and individual
variables were considered significant when P ≤
0.05 according to the F test and t test, respectively. Additionally, 18 simple linear regression
models were developed to determine if significant correlations existed between selected
independent and dependent variables. One
subset of these models incorporated proportions
of composition by species as independent variables with total and average pitch tube counts
by tree species and pitch tube counts per unit
bole surface area by tree species as dependent
variables. The 2nd subset incorporated basal
area across all species as the independent variable, while for dependent variables, total and
average pitch tube counts across all tree species
and pitch tubes per unit bole surface area across
all species were used. The 3rd subset featured
basal area across all species as the independent variable while average pitch tubes by tree
species and pitch tubes per unit bole surface
area by tree species constituted the dependent
variables. Again, only data for live trees ≥10.2
cm dbh were included, and regression models
were considered significant when P ≤ 0.05
according to the F test. All analyses were performed using SAS (SAS Institute, Inc., Cary,
NC) and a regression diagnostics SAS macro,
REGDIAG (Fernandez 2002).
RESULTS
Stand Attributes
More than one-half of the 508 trees ≥10.2
cm dbh that were tallied in the stand were
white fir, while approximately one-third were
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TABLE 1. Species composition of a mixed conifer stand
in the Lake Tahoe Basin. Data were collected in 16 plots
(n = 16) from trees ≥10.2 cm dbh.

White fir
Jeffrey pine
Sugar pine
Incense-cedar
Mountain alder

Mean
% composition

sx–

95% CL (+
–)

54.7
34.3
9.9
0.2
0.9

6.1
6.5
5.0
0.2
0.9

12.9
13.9
9.8
0.3
2.0

TABLE 2. Mensurational characteristics of a mixed
conifer stand in the Lake Tahoe Basin. Data were collected
in 16 plots (n = 16) from trees ≥10.2 cm dbh.
x–
sx– 95% CL (+
–)
Height (m)
dbh (cm)
Live crown (%)
Agea (years)
Growth ratea (rings ⋅ cm–1)
Basal area (m2 ⋅ ha–1)
Total trees (stems ⋅ ha–1)

11.6
28.7
41
106
7.5
47.6
785

0.6
1.8
3
7
0.7
6.1
120

1.3
3.8
6
14
1.4
13.1
255

aDerived from dominant and codominant crown-class trees only.

TABLE 3. Species composition of saplings and seedlings
in the understory of a mixed conifer stand in the Lake
Tahoe Basin. Data were collected in 16 plots (n = 16).

Saplingsa
White fir
Jeffrey pine
Sugar pine
Incense-cedar
Seedlingsb
White fir
Jeffrey pine
Sugar pine
Incense-cedar

Mean
% composition

sx–

95% CL (+
–)

68.7
30.8
0
0.5

13.2
13.3
0
0.5

28.8
29.0
0
1.2

86.5
10.7
1.2
1.6

6.3
6.3
0.8
1.1

13.9
13.9
1.8
2.4

aStems >1.37 m tall to ≤10.1 cm dbh
bStems ≤1.37 m tall

Jeffrey pine (Table 1). Only about one-tenth
of the stand composition was sugar pine.
Minor constituents were incense-cedar and
mountain alder.
Of the 16 dominant and codominant crownclass trees selected to determine site quality, 5
were white fir, 9 were Jeffrey pine, and 2 were
sugar pine. Selection of white fir and Jeffrey
pine site trees in numbers disproportionate to
their overall prevalence was dictated by the
need to choose trees of good form. Such trees
were scarce for white fir. Nevertheless, this
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assessment indicated that our site was a SI5012
site for white fir and a SI10021 site for Jeffrey
pine. Based on the Dunning approach for mixed
conifer stands, it was site class IV.
Mean height, dbh, basal area, and stem
counts of trees ≥10.2 cm dbh indicated that the
overstory in this stand consisted of large numbers of small trees (Table 2). On average, less
than one-half of tree height supported live
crown. Mean age in the dominant and codominant crown classes was 98 years for white fir
(range 56–132 years), 111 years for Jeffrey
pine (range 83–179 years), and 88 years for
sugar pine (range 78–98 years). Radial growth
of 7.5 annual rings in the outermost centimeter
equates to recent diameter growth of approximately 2.7 mm ⋅ yr –1. None of the increment
cores exhibited evidence of fire scarring.
In the understory, more than two-thirds of
saplings were white fir, while less than onethird were Jeffrey pine (Table 3). The remaining
saplings were incense-cedar with no sugar pine
saplings present. White fir comprised an even
greater proportion of seedlings than saplings,
and only approximately one-tenth of seedlings
were Jeffrey pine. Sugar pine and incense-cedar
seedlings were present in exceedingly small
numbers. No saplings or seedlings of mountain
alder were tallied in any plot. Overall, sapling
counts equated to 394 per hectare, while those
of seedlings equated to 2918 per hectare, but
both were unevenly distributed as revealed by
the absence of any saplings in 3 plots and any
seedlings in 4 plots.
Stand Health
Overall, 23.6% of all standing trees ≥10.2
cm dbh were dead at the time of the inventory, but mortality differed substantially by
species (Table 4). Specifically, percent standing
dead in white fir was more than 3 times that in
Jeffrey pine, which in turn was 1.5 times that in
sugar pine. No mortality had occurred in incense-cedar or mountain alder.
Counts of pitch tubes on trees ≥10.2 cm dbh
also revealed substantial differences among
species (Table 4). Overwhelmingly, bark beetle
activity was concentrated in white fir, as nearly
every tree inventoried exhibited pitch tube formation compared to approximately two-thirds
of Jeffrey pine and even less of sugar pine.
Furthermore, pitch tubes per white fir were
approximately 28 times that in Jeffrey pine and
59 times that in sugar pine, while the count
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TABLE 4. Tree mortality and bark beetle infestation in a mixed conifer stand in the Lake Tahoe Basin. Data were collected
in 16 plots (n = 16) from trees ≥10.2 cm dbh.
x–
sx–
95% CL (+
–)
Standing dead trees (%)
White fir
Jeffrey pine
Sugar pine
Trees with pitch tubes (%)
White fir
Jeffrey pine
Sugar pine
Pitch tube counts (number ⋅ tree–1)
White fir
Jeffrey pine
Sugar pine
Pitch tubes per unit bole surface area (number ⋅ m–2)
White fir
Jeffrey pine
Sugar pine

29.5
9.3
6.2

3.9
6.6
6.2

8.4
14.2
14.8

99.1
69.1
59.5

0.5
6.0
14.8

1.1
13.0
34.9

94.1
3.4
1.6

9.8
1.0
0.5

21.1
2.1
1.1

20.2
0.5
0.5

2.4
0.1
0.2

5.1
0.1
0.4

TABLE 5. Coefficients and statistics of the best-fitting regression model for pitch tubes per white fir in a mixed conifer
stand in the Lake Tahoe Basin (F test: R2 = 0.4221, P < 0.0001). Data were collected in 16 plots (n = 16) from trees ≥10.2
cm dbh.
Model term
Intercept
Height
dbh
Height2
dbh2

Parameter estimate

sx–

P (t test)

Standardized estimate

–119.6312
11.5652
9.8057
–0.5747
–0.0922

20.4606
5.2251
2.4092
0.1892
0.0395

<0.0001
0.0281
<0.0001
0.0027
0.0206

0
0.8136
1.5262
–1.0827
–0.8342

per unit bole surface area for the former was
approximately 40 times those for both Jeffrey
and sugar pine. Pitch tubes were absent on
incense-cedar and mountain alder. Predominant
in the attack on white fir was the fir engraver
beetle. In the limited infestations of Jeffrey and
sugar pine, both Jeffrey pine and red turpentine
beetles were found in the Jeffrey pine while the
mountain pine beetle was observed in sugar
pine.
The initial multiple regression analysis revealed a highly significant (P < 0.0001) species
effect on the severity of bark beetle attack,
again reflecting that the preponderance of pitch
tubes occurred on white fir. Consequently, subsequent analyses were performed on data for
this species alone. Ultimately, these analyses
revealed the significance of tree height, dbh,
height2, and dbh2 in predicting pitch tube
counts per tree; these variables were thus components of the best-fit model (Table 5), suggesting a positive but weak correlation between
the severity of attack and overall tree size.

Nonsignificant variables were proportion of live
crown and proportion of live crown squared.
Six of the 18 simple regression models that
we developed were significant (Table 6). Three
of the significant models, each revealing positive correlations, incorporated the individual
proportions of white fir, Jeffrey pine, and sugar
pine among trees ≥10.2 cm dbh as independent
variables and the total numbers of pitch tubes
on each of these species as the dependent variables. However, much more of the variation in
total pitch tube counts was explained for the 2
pines than for the fir, and between the pines,
more variation was explained in sugar pine
than in Jeffrey pine. None of the models proved
significant that incorporated the 3 independent variables indicated above and the average
numbers of pitch tubes per tree in the 3 species
as dependent variables. And for only sugar pine
was a significant model revealed among the 3
with these independent variables and the counts
per unit bole surface area as the dependent
variables. Nevertheless, the lone significant
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TABLE 6. Simple linear regressions relating stand characteristics to bark beetle attack in a mixed conifer stand in the Lake
Tahoe Basin. Data were collected in 16 plots (n = 16) from trees ≥10.2 cm dbh.
Independent variable

Dependent variable

Proportion white fir
Proportion white fir
Proportion white fir
Proportion Jeffrey pine
Proportion Jeffrey pine
Proportion Jeffrey pine
Proportion sugar pine
Proportion sugar pine
Proportion sugar pine
Basal area
Basal area
Basal area
Basal area
Basal area
Basal area
Basal area
Basal area
Basal area

Total pitch tubes on white fir
Average pitch tubes per white fir
Pitch tubes per m2 of white fira
Total pitch tubes on Jeffrey pine
Average pitch tubes per Jeffrey pine
Pitch tubes per m2 of Jeffrey pinea
Total pitch tubes on sugar pine
Average pitch tubes per sugar pine
Pitch tubes per m2 of sugar pinea
Total pitch tubes across all species
Average pitch tubes across all species
Pitch tubes per m2 across all speciesa
Average pitch tubes per white fir
Pitch tubes per m2 of white fira
Average pitch tubes per Jeffrey pine
Pitch tubes per m2 of Jeffrey pinea
Average pitch tubes per sugar pine
Pitch tubes per m2 of sugar pinea

P-value (F test)
for model

R2

0.0200
0.1821
0.1663
0.0001
0.6277
0.2810
0.0004
0.2355
0.0484
0.0003
0.0381
0.2973
0.9682
0.2805
0.3694
0.1990
0.6992
0.5428

0.3507
0.1326
0.1420
0.7387
0.0202
0.0960
0.8937
0.2246
0.4151
0.6229
0.2723
0.0772
0.0001
0.0889
0.0676
0.1334
0.0267
0.0648

aBole surface area

TABLE 7. Dry weight of downed and dead fuels on the
forest floor of a mixed conifer stand in the Lake Tahoe Basin
by timelag category. Data were collected in 16 plots (n =
16).
Mean
dry weight
(kg ⋅ ha–1)

sx–

95%
CL (+
–)

1+10-hour (≤2.5 cm)
54,551.7 10,574.7 22,534.6
100-hour (>2.5 to ≤7.6 cm) 2674.4
926.5 1974.4
1000-hour (>7.6 cm)
72,753.3 35,159.3 74,924.4
Total
129,979.4 36,274.0 77,299.8

model here also indicated a positive correlation. The 2 remaining significant models,
which also revealed positive correlations, each
involved basal area as the independent variable.
Dependent variables consisted of total and
average pitch tube counts across all species,
with basal area explaining a much greater
proportion of the variation in the former
than in the latter. All models that incorporated basal area as the independent variable
and either average pitch tube counts by tree
species or counts per unit bole surface area
by species as dependent variables were not
significant.
True fir dwarf mistletoe and western dwarf
mistletoe were found in white fir and Jeffrey
pine, respectively, of ≥10.2 cm dbh, but in both
cases the Hawksworth rating was <1, indicating
minor infestation levels. No mistletoe was ob-

served in sugar pine, and dwarf mistletoe is not
known to occur in incense-cedar or mountain
alder. The flagging characteristic indicative of
white pine blister rust was found on a total of
3 sugar pines, and 1 of these 3 also exhibited
canker formation.
Forest Floor Fuels
The inventory of downed and dead fuels revealed that their distribution was not equitable
across the various timelag categories (Table 7).
Specifically, 56% of total dry weight consisted
of 1000-hour fuels, while 42% was combined
1+10-hour fuels, and the 100-hour category
constituted only 2%. Furthermore, total fuel
weight differed considerably across the site,
ranging from 13,347.0 to 553,181.7 kg ⋅ ha–1
depending on location. In the predominant
1000-hour timelag category, 96.3% of the dry
weight was white fir debris, with the remainder solely Jeffrey pine. Bark was present on
essentially all 1000-hour fuels, indicating that
they represent relatively recent tree mortality.
DISCUSSION
The composition of this stand was dominated
by California white fir. This is especially undesirable for the site where this study was conducted because the annual precipitation falls
below the 89 cm deemed minimal for this variety of the species (Laacke 1990). Nevertheless,
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despite its excessive mortality, the proportion
of white fir in the overstory is likely to increase
because the proportions of saplings and seedlings that were white fir were even greater than
the proportion of white fir in the overstory.
Conversely, the proportion of Jeffrey pine,
which evidently preceded white fir on the site,
as indicated by the difference between the 2
species in site tree age but which has probably
been at a competitive disadvantage due partly
to the absence of fire (Oliver et al. 1996, Tappeiner and McDonald 1996), is likely to diminish further because its proportion among
saplings and seedlings was less, especially for
the latter, than its proportion in the overstory.
Furthermore, the stand exhibited mensurational
features of overstocking, particularly minimal
radial growth, despite a basal area that would
not normally be deemed excessive even on
sites of as low quality as that existing here
(Schumacher 1926, Dunning and Reineke 1933,
Laacke 1990). However, basal area is likely a
misleading index of the density of this stand
because of the prevalent rock outcrops that have
precluded tree establishment on a substantial
portion of the site, and because the stand consisted of exceptionally small trees in numbers
that would be common on sites with much more
uniform stocking (Schumacher 1926).
The most immediate threat to this stand
was the mass fir engraver beetle attack on white
fir, which apparently was largely responsible for
the excessive mortality in this species. Comparatively, bark beetle activity in Jeffrey and
sugar pine, along with tree mortality, was minor,
a result in concert with findings of an early
study of this bark beetle in Sierra Nevada mixed
conifer (Ferrell 1971). Furthermore, the pitch
tube counts used here to quantify the severity
of attack may have understated the attack’s intensity in white fir, because a level exists beyond
which such attacks are sufficiently debilitating
that trees cannot generate pitch in response to
further wounding (Berryman and Ferrell 1988).
Apparently, rapid expansion of the fir engraver
population overwhelmed the defense mechanisms of the fir, as is typical in epidemic outbreaks (Christiansen et al. 1987, Berryman and
Ferrell 1988, Edmonds et al. 2000). Among possible contributing factors in this occurrence was
an average annual precipitation for the site that
predisposed white fir to bark beetle attack
(Edmonds et al. 2000), and this predisposition
was exacerbated by a drought that began in
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2000, extended through 2001, and featured precipitation approximating 83% and 59% of normal, respectively (USDA Natural Resource
Conservation Service 2006). Inevitable impairment of water relations and overall tree vigor,
and subsequent impacts on resinous defense
mechanisms, probably increased host susceptibility to attack, with the aforementioned
overstocking of the stand exacerbating this
condition, although the effectiveness of resinbased defenses in fir are questionable (Ferrell
1983, Christiansen et al. 1987, Berryman and
Ferrell 1988). Nevertheless, subnormal precipitation has been previously associated with
fir engraver outbreaks (Ferrell and Hall 1975,
DeMars et al. 1988, Ferrell et al. 1994), and
high tree densities are frequently identified as
predisposing forest stands of various compositions in the western United States to bark beetle attack by several species (Mitchell et al.
1983, Christiansen et al. 1987, Fiddler et al.
1989, Schmid and Mata 1992, 2005, Ferrell et
al. 1994, Goyer et al. 1998).
The regression analyses revealed several
mensurational features that likely contributed to
the intensity of the bark beetle attack. Multiple
regression indicated that in white fir, overall
tree size was somewhat weakly but positively
correlated with attack severity. This finding is
in general agreement with that of Ferrell et al.
(1994), who found that mortality resulting from
the fir engraver beetle increased in higher
crown classes, which in turn may reflect an
earlier finding that larger white fir have lower
percentages of bole surface area occupied by
resin canals (Ferrell 1983). Relationships between tree size and attack severity were not
revealed in Jeffrey or sugar pine, however, possibly because of the small numbers of pitch
tubes they bore. Also, we did not find any indication that crown size in the fir was related to
attack severity, a divergence from the Ferrell
et al. (1994) finding that mortality from the fir
engraver beetle was greater in trees with
smaller crowns, which are associated with low
vigor. This discrepancy may simply reflect that
every white fir in the stand was infested to the
maximum extent possible for the bole surface
area, because it has been previously observed
that when attack density thresholds are reached,
surrounding trees not yet at this threshold are
attacked instead (Ferrell 1971). The simple regressions revealed that total pitch tube counts,
rather than average counts or, for the most
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part, counts per unit bole surface area by host
species were positively correlated with the
proportions of each tree species, but also that
the correlations were much stronger in the 2
pines than in the fir. Collectively, these results
suggest that in addition to the need of each
beetle species for its specific host—the more
prevalent the host the more numerous the colonizing beetles—the populations of the beetles attacking Jeffrey and sugar pine had not
progressed to the epidemic stage found in the
fir, and thus the Jeffrey pine and red turpentine beetles of the Jeffrey pine and the mountain pine beetles of the sugar pine were
exhibiting opportunistic behavior in which they
dispersed in limited numbers to available host
trees as they encountered them rather than
continuing to attack trees already colonized.
Also, through simple regression we found a
positive correlation between basal area and
total pitch tube counts and, to a lesser extent,
between basal area and average pitch tube
counts. This suggests that the attack became
more pervasive across all species as the crowding among trees increased, and, to a minor
degree, the intensity of attack on individual
trees increased as well. However, failure to
find significant correlations between basal area
and either average counts or counts per unit
bole surface area by individual host species
suggests that any influence of basal area on
attack intensity was cumulative rather than
concentrated in any 1 species.
Heavy dwarf mistletoe infestations are
among damaging agents known to impart a
stress that reduces overall tree vigor (Scharpf
and Hawksworth 1993, Edmonds et al. 2000),
and thus can predispose forest stands in the
western United States to epidemic bark beetle
outbreaks, including stands containing white
fir (Laacke 1990). However, the mistletoe
infestations that we encountered in the fir and
Jeffrey pine were probably not major contributors to the distress of this stand, including the fir engraver epidemic, because both
the true fir dwarf mistletoe of the fir and the
western dwarf mistletoe of the Jeffrey pine
were present at trace levels only, and none of
the mortality in the stand could be attributed
directly to these parasites. Likewise, the white
pine blister rust in the sugar pine was limited
to a few isolated trees. However, given the lethality, ease of spread, and limited genetic resis-
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tance within populations of this host (Kinloch
and Scheuner 1990, Bega and Scharpf 1993,
Samman and Kitzmiller 1994, Edmonds et al.
2000), coupled with the already low sugar pine
representation on the site, white pine blister
rust has the potential to effectively eliminate
sugar pine from the stand. Compounding this
threat was the scarcity of sugar pine seedlings
in the understory and the complete absence of
sugar pine saplings.
Downed- and dead-fuel loading on this site,
although variable, was exceedingly high overall
(Blonski and Schramel 1981, van Wagtendonk
et al. 1998), with a large proportion resulting
from accumulations in the combined 1+10hour timelag categories and even more accounted for by 1000-hour fuels. The former
provides additional evidence that fire has not
influenced stand development for an extended
period, as fine fuels are typically the 1st fuels
consumed when burning occurs (Pyne et al.
1996). Conversely, the latter largely reflects
recent and numerous deadfalls resulting from
mortality in white fir, which will probably increase given the proportion of standing dead
in this species. Forest floor debris serves vital
ecosystem functions, with the fine component
serving as a nutrient pool that is integral to
nutrient cycling, as an insulating layer over
mineral soil, and as a protective barrier against
erosion and compaction (Fisher and Binkley
2000). Coarse materials also contribute to these
functions but additionally provide wildlife habitat for varied fauna (Hagan and Grove 1999)
and refuge during dry periods for microorganisms involved in nutrient cycling. However,
the immoderate accumulations we observed,
combined with the mortality in the overstory,
portend stand-replacing wildfire, with the abundance of fine fuels predisposing ready ignition; the coarse debris contributing to the high
temperatures and prolonged combustion that
are especially destructive to forest soils; and the
standing dead potentially serving as ignition
points for lightning strikes as well as ladder
fuels that facilitate the spread of ground fire
into the upper canopy (Pyne et al. 1996).
In summary, this case study entailed examination of an array of forest health variables in
an uneven-aged mixed conifer stand located in
the Lake Tahoe Basin of the eastern Sierra
Nevada. The overstory and regeneration were
dominated by white fir on a site of marginal
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quality for this species, with Jeffrey pine and
sugar pine assuming a lesser prominence,
likely due in part to fire exclusion. Large numbers of small trees and minimal radial growth
were among the mensurational features that
suggested that the stand was overstocked. A
fir engraver epidemic in white fir caused substantial mortality and subsequent elevated
wildfire fuel loading, while bark beetle populations in the Jeffrey and sugar pines were
apparently at or near endemic levels. Among
other relationships, the extent of bark beetle
attack by host species was positively correlated with their proportional representation
among stand constituents, and, across species,
with basal area. Other maladies detected were
slight infestations of dwarf mistletoe in white
fir and Jeffrey pine and an early stage of white
pine blister rust infection in sugar pine.
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